Abstract Sabkha deposits in the geologic record are commonly used to interpret the environmental conditions of deposition. Implicit in this use is the assumption that the solute system is chemically closed, that is, the authigenic minerals represent the composition of the fluids in their environment of origin. Thermodynamic and mass-balance calculations based on measurements of water and solute flux of contemporary Abu Dhabi coastal sabkha system, however, demonstrate that the system is open for sodium and chloride, where nearly half of the input is lost, but closed for sulfur, where nearly 100% is retained. Sulfur and chloride isotopes were consistent with this observation. If these sabkha deposits were preserved in the geologic record, they would suggest a solute environment rich in sulfate and poor in chloride; yet the reverse is true. In most coastal-sabkha environments, capillary forces bring solutes and water to the surface, where the water evaporates and halite, carnallite, sylvite, and other soluble minerals are precipitated. Retrograde minerals, such as anhydrite, calcite, dolomite, and gypsum, however, precipitate and accumulate in the capillary zone beneath the surface of the coastal sabkha. Because they possess relatively low solubility and are below the surface, these retrograde minerals are protected from dissolution and physical erosion occurring from infrequent but intense rainfall events. Thus, they are more likely to be preserved in the geological record than highly soluble minerals formed on the surface. D
Introduction
In attempting to recreate the depositional environment of a sedimentary sequence, one typically evaluates the authigenic minerals preserved in the geologic record and infers the composition of fluid and temperature under which the minerals could have formed. Implicit in this process is the assumption of a closed system for solutes. To test the validity of this assumption, a modern coastal sabkha in the Emirate of Abu Dhabi was evaluated. Mass balance calculations demonstrated that the system is open for chloride, but closed for sulfate, although the observed authigenic minerals suggest a solute source high in sulfate and low in chloride concentrations. Thus, the geologic record must be evaluated in light of system openness to determine the environment from which the minerals were derived. Sanford and Wood (2001) discuss the hydrogeology, and Wood et al. (2002) address the origin of solutes of this sabkha system. This paper focuses on the origin and distribution of authigenic minerals in the coastal sabkha in an effort to evaluate quantitatively the solute-mass flux from which minerals are deposited in and on the coastal sabkha, and to compare that flux over time with the observed mass distribution of minerals. The difference between the calculated and observed mass gives a measure of the chemical openness of the system to different solutes, and thus gives some insight as to why the mineral assemblage in the Abu Dhabi coastal sabkha does not reflect the solute ratios of solutions from which the assemblage was derived.
Hydrogeological framework
Sabkhat (Arabic plural for bsalt flatsQ or bsalt surfacesQ) are ubiquitous features in many arid and semiarid areas of the world and constitute approximately 1% of the land surface. Typically, they are covered with halite and other soluble chloride and nitrate minerals (Smoot and Lowenstein, 1991; Rosen, 1994) . The word sabkha has been used in geological literature for a mineralogy and texture that imply a three-dimensional system (Gary et al., 1972) . bSabkhaQ as used in this paper recognizes the original Arabic two-dimensional surface as part of a threedimensional system, similar to the definition given by Kinsman (1969) . The coastal sabkha in the Emirate of Abu Dhabi is exposed as a strip approximately 300 km long and 15 km wide (Fig. 1) .
Polygons of halite approximately 1 m across and 1 to 2 cm thick, bordered by pressure ridges 2 to 3 cm high, cover much of the sabkha surface. The area is flat, with a topographic and groundwater gradient of approximately 1:5000 toward the Arabian Gulf, and with a depth between 0.5 and 1 m to groundwater. The Holocene rise of sea level starting at 18,000 years BP filled the Gulf to its present level by approximately 7000 years BP. As the sea level rose, sand from eolian Pleistocene dunes that existed in the area now occupied by the Gulf was incorporated into the Abu Dhabi Formation, upon which the coastal sabkha has developed (Evans, 1995) . The eolian sand framework of the Abu Dhabi aquifer consists of uniform, finegrained sand (0.16-0.22 mm) composed of 60% detrital carbonates and 35% quartz, with minor amounts of feldspar, anhydrite, and heavy minerals. Laboratory analysis of repacked sand yields a porosity of 0.38. Because of the uniformity and uncemented nature of the eolian sand, it is hypothesized that this value is also representative of the in situ porosity of the Abu Dhabi Formation.
The Abu Dhabi Formation, upon and within which the coastal sabkha is formed, is generally wedgeshaped, with zero thickness at the proximal edge and increasing to approximately 15 m near the coast (Butler, 1969; Fig. 2) . These sands overlie Pleistocene and Miocene clastic rocks and older Tertiary evaporites in the coastal areas. The presence of paleochannels or erosional remnants of these rocks increases or decreases the thickness of the Abu Dhabi Formation. Superimposed on the Abu Dhabi Formation is the Evans Member, a thin (b2 m), wedgeshaped sand that starts midway between the proximal and distal edges of the sabkha and extends to the coast. The rate of progradation of the Evans Member into the Arabian Gulf is between 1 and 2 km every thousand years (Evans, 1995) .
Authigenic anhydrite, calcite, dolomite, and gypsum are seldom present in significant quantities on the surface, and are largely confined to the capillary zone, which extends 0.5 to 1 m above the water table.
In the areas investigated, most of the anhydrite consists of silt-or clay-size grains that give it a btoothpasteQ consistency. Nodules of bchicken wireQ anhydrite typically underlie this structureless anhydrite. Crystals of equidimensional gypsum up to 5 mm in length exist within the vertical range of the water-table fluctuations (Fig. 3) . Minor amounts of authigenic calcite and dolomite are intermixed with the anhydrite. Visual inspection of exploration pits and auger cuttings suggests that anhydrite and gypsum have occluded approximately half of the porosity of the upper meter (Fig. 3) .
Crusts of halite and other chloride and nitrate minerals form on the surface in different places, with different thickness, and at different times throughout the year. Chloride minerals, however, are not readily apparent in the capillary zone or below the water table. Thin lines of dark-colored material (buried algal mats?) are observed only in the prograded Evans Member. X-ray diffraction identifications have shown that most of the evaporite minerals on the surface are halite, with trace amounts of carnallite, anhydrite, sylvite [KCl] , and antarcticite (Daniel Webster, USGS, written communication, 2002) . Results from chemical analyses of the soluble salts from the surface crusts are given in Table 1 . Samples were collected from the surface by carefully lifting sections of the mineral crust and placing them in poly-sealed bags, assigning identifying numbers, and transporting them to the laboratory. Solute concentrations were determined after dissolution of the crust in distilled water by standard analytical methods (Wood et al., 2002) . These analyses illustrate the large mass of chloride relative to sulfur on the sabkha surface, over a wide geographic area of several thousand square kilometers and are thus of a regional not local significance.
The average annual groundwater temperature at the water table in the sabkha is approximately 32 8C; the temperature on the surface can exceed 65 8C, thus giving a gradient of nearly 30 8C/m. The condition is reversed in the winter, however, with a negative temperature gradient of approximately 15 8C/m.
The capillary zone (rise of water above the water table) is critical to the development of the authigenic minerals in this environment. The zone results from two forces: mutual attraction between water molecules (hydrogen bonding), and molecular attraction between water and the different minerals that form the aquifer. Thus, for any given mineral, the smaller the interstitial pore size, the greater the vertical rise of water. The capillary rise (also called the bzone of tension saturationQ or bwetting frontQ) is the saturated zone above the water table in which the interstitial pore spaces are completely filled with water, but the water is under less than atmospheric pressure. There can be no evaporation within this zone of tension saturation because water completely fills the pore spaces. Above the zone of tension saturation is a zone in which the water film and a gas phase exist in the interstitial pore space. The relative humidity of this gas phase is, however, equal to the thermodynamic activity of water, and no evaporation occurs. Evaporation occurs at, or a few centimeters below, the surface where the relative humidity of the gas phase is less than the thermodynamic activity of the water. Thus, minerals formed in the lower two environments are not evaporites, but are thermalites. A thermalite is herein defined as a mineral formed by changes in temperature independent of other processes that alter the thermodynamic properties of the solution.
The average residence time for water in the capillary zone of 1 m thickness is calculated using Eq. (1):
where R w is the residence time for water (T), V is the volume of the capillary zone (L 3 ), h is the total porosity (dimensionless), S is the water saturation porosity (dimensionless), and E is the evaporation flux rate (L 3 T À1 ), where L is length, and T is time. With observed values of the parameters (V=1 m 3 , h=0.38, S=0.5, and E=0.065 m 3 year À1 ), the residence time for water in the capillary zone is between 1 and 2 years.
The conceptual model proposed herein for mineral deposition on most coastal sabkhat suggests that water and solutes are transported upward by capillary force from the shallow water table in response to water evaporating at the surface. The water is removed, leaving salts that form halite [NaCl] a result of increasing temperature as the solutes move from the groundwater through the capillary zone toward the surface during the summer months.
Water and solute transport
Wood et al. (2002) have shown that most of the solutes in the Abu Dhabi aquifer are derived from the underlying Tertiary brines, whereas most of the water is a result of direct recharge of precipitation on the sabkha surface (Sanford and Wood, 2001) . Consider a rectilinear volume of Abu Dhabi aquifer perpendicular to the coast and defined as 1 m wide, 10 m deep, and 10 km long. Hydrological analysis suggests that each year within this rectilinear volume, less than 1 m 3 of water enters and exits by lateral groundwater flow, 45 m 3 of water enter by upward vertical leakage, and 640 m 3 of water enter by recharge from rainfall. Approximately the same amount is lost each year by evaporation (Sanford and Wood, 2001) . In contrast, 100 kg of solute enter through lateral groundwater flow, 200 kg are discharged to the Gulf through lateral groundwater flow, rainwater introduces 15 kg, and upward vertical leakage introduces 3700 kg (Wood et al., 2002) . Water has a residence time of approximately 50 years, whereas solutes have a residence time of approximately 26,000 years in the sabkha.
Because of the low values of hydraulic conductivity and gradient, only a small mass of total solutes that have entered the Abu Dhabi Formation have discharged to the Gulf. Thus, solute concentrations increase over time as a result of the addition of new solutes from the underlying Tertiary formations, lateral groundwater flow, and the recycling of soluble salts returned by surface recharge. Hydraulic potential, density, and Rayleigh numbers calculated from 12 pairs of piezometers at the top and bottom of the aquifer suggest vertical mixing (Sanford and Wood, 2001) . The observation that tritium exists throughout the vertical profile (McKenzie et al., 1980 ) is consistent with this vertical circulation and the short residence time of water in the sabkha.
Water and solutes in the coastal sabkha water are close to or at thermodynamic equilibrium with respect to anhydrite, calcite, gypsum, and halite in most of the 192 water samples evaluated. It is proposed that precipitation of retrograde minerals occurs in the summer as the water warms during its transport to the surface. To evaluate the thermal gradient, the temperature of the surface, and the temperature at three depths in the capillary zone and one depth in shallow ground were collected at 15-min intervals for 9 months. A representative summer day (July 6, 1999) illustrates a positive gradient of approximately 25 8C/m (Fig. 4) .
Reverse thermal gradient in the winter permits dissolution of some of the previously precipitated retrograde minerals. Because the negative thermal gradient is less in the winter than in the summer with nearly the same water flux, the water does not have the capacity to dissolve all of the mineral mass that was precipitated in the preceding summer. Thus, there is a net accumulation of these retrograde minerals in the capillary zone. This analysis assumes that the equal winter and summer water flux found by Sanford and Wood (2001) is representative of the long-term environment. The difference in mass precipitated and dissolved as a function of temperature is illustrated for anhydrite (Fig. 5) and defines the relatively small temperature range during which dissolution in winter can occur.
Solute mass balance
Comparison between the mass introduced by the vertical solute fluxes and the observed mineral accumulation corroborates the proposed capillary transport model. Consider a saturated vertical column 1Â1Â9 m, with a porosity of 0.38. One pore volume of this column occupies 3.4 m 3 , or 3,420,000 cm 3 . The underlying Tertiary brines have an average sulfate concentration of 4.7 g l À1 (Table 2 ). Solute samples in Table 2 were collected and analyzed by methods described in Wood et al. (2002) . Table 2 provides samples from a wide geographic range of several hundred kilometers illustrating that data are not a local phenomena. It is known from the hydrology that the input solutes from the underlying brine would have been concentrated approximately seven times since the aquifer was formed (Sanford and Wood, 2001) . Thus, if the water flux and sulfate concentration have remained constant over 7000 years, approximately 33 g l À1 of sulfate would have been delivered to the control volume. The observed dissolved-sulfate concentration in the coastal sabkha aquifer of 4 g l À1 (Table 2 ) suggests a loss of approximately 29 g l À1 over time. This mass loss per liter is multiplied by the number of liters in the control volume, which results in a total loss from solution of 98,200 g in 7000 years. Assuming that all of this loss is due to the precipitation of anhydrite with a molecular weight of 136, then a mass of 139,000 g would have been precipitated in our control volume since the Abu Dhabi aquifer was formed. As anhydrite has a density of 2.94 g cm À3 , 47,300 cm 3 of pore space in our control volume is occluded by this mineral. A comparison of this volume to total pore space can be made using the following formula
where h f is the fraction of total porosity occupied by anhydrite, V min is the volume of minerals precipitated, and V tot is the total pore volume. If it is assumed that most of this loss occurs in a capillary zone that extends to 0.5 m above the water table, then the fraction of total porosity occupied by anhydrite is approximately 25%, which is consistent with the observed mass of anhydrite.
The thermodynamic approach provides another independent estimate of the mass precipitated. In this approach, the geochemical code PHRQPITZ (Plummer et al., 1988 ) is used with a representative solute analysis of the water from the sabkha to calculate the amount of anhydrite precipitated at various temperatures. The flux rate of water vapor is between 0.15 and 0.2 mm/day, or approximately 65 mm annually. This rate does not vary significantly throughout the seasons of the year (Sanford and Wood, 2001 (2) suggests that approximately 45% of the available pore space in the capillary zone would be occupied by anhydrite. It is assumed that all of the sulfate is removed in the capillary zone (100% efficient), which is not the case because minor amounts of sulfate occur in the surface salt crusts (Table 1) . Thus, the 45% reduction in porosity is a maximum value and is consistent with the value of 25% calculated by the mass-balance method, considering the uncertainties of each method.
Sulfur-isotope data, expressed as d 34 SSO 4 (Table  3) , are consistent with a closed system for S. That is, loss of sulfate from the system would distort the isotopic ratio of the remaining solutes and minerals. The d 34 SO 4 is defined as: Table 3 were collected and analyzed by methods described in Wood et al. (2002) and illustrate the similarity of results over a large geographic area.
It is known from isotopic fractionation experiments that gypsum precipitated from a solution will be about 1.65x (per mil) heavier than input, and that the sulfate remaining in solution will be about 1.65x lighter than the input (Thode and Monster, 1965) . Analyses in Table 3 indicate that the average of five samples of Tertiary brine is 18.7x. Thus, anhydrite or gypsum that precipitates in the unsaturated zone should average approximately 20.35x and the sulfate remaining in solution in the Abu Dhabi aquifer should average 17.0x. It is seen in Table 3 that the average of 9 samples of these minerals from the unsaturated zone is 20.0x, and the average of 13 samples of sulfate from the Abu Dhabi aquifer is 15.8x. The observed values are close to those predicted by fractionation from the Tertiary brines and are consistent with the model that little sulfate has been lost from the system. The isotopic values from the sediments differ from those reported by Butler et al. (1973) because the samples were collected outside the supratidal zone examined by Butler et al. (1973) , and thus they do not have the seawater isotopic signature.
A mass-balance calculation for Cl and Na similar to that above suggests that there should be a layer of halite approximately 30 cm thick on the surface. Commonly, there is less than 1 cm and none in the capillary zone or below the water table. Thus, the system has lost a significant amount of Na and Cl. Fig. 6 , plotted from analyses of 192 samples of water collected from representative areas of the coastal sabkha (Fig. 1) , shows the evolution and loss of Na (halite) from solution. Calculating the amount of halite loss from the concentration ratio of a given solute provides a means of estimating loss (Fig. 7) , as shown in the following equation:
where CR is the concentration ratio, C obs is the observed solute concentration, and C in is the solute concentration of input solute. It is known that the concentration ratio in the Abu Dhabi sabkha aquifer is approximately 7 for essentially conservative solutes, such as Br and Mg ( Fig. 7 ; Table 2 ). Conversely, the concentration ratio for Na is 3.5 (Fig. 7) . This difference in concentration ratio is most easily explained by assuming that approximately one-half of the Na has been removed from solution by precipitation as halite. Because there is little halite in the system, it is concluded that the system is chemically open with respect to Na and Cl.
Isotopes of Cl can also provide insight into the evolution of Cl in this system. The d 37 Cl isotope is defined as follows: 37 Cl was calibrated using seawater (Atlantic Ocean), which has been matched to the worldwide seawater standards of Kaufman et al. (1984) . Filtered, unacidified water samples were used for d 37 Cl analyses. Chloride in solution was removed as silver chloride using silver nitrate and converted to methyl chloride, according to the method described by Long et al. (1993) . Pretreatment to remove sulfate was not observed to affect the final result. Methyl chloride samples were analyzed using a VG SIRA 9 mass spectrometer. The triple collector geometry allows for the measurement of individual SO and S2 mass peaks. Analytical precision of the technique in use for this study was F0.15x. Results of these analyses are presented in Table 2 . Table 2 illustrate the decrease in isotopic value with increasing concentration of K once halite precipitation has commenced.
The dissolved Cl becomes isotopically lighter with increasing concentration of K (Fig. 8) , consistent with the precipitation of halite and preferential removal of 37 Cl relative to 35 Cl. Concentrations of K that are b3000 mg l À1 and that have d 37 Cl ranging from À0.2 to 4.0 represent input values that are concentrated by evaporation, but no mechanism is operating to cause isotopic fractionation. It is only after the start of precipitation of halite that d 37 Cl becomes more negative with increasing concentration of K (Long et al., 1993; Fig. 8) . Although the value of d 37 Cl by itself does not assist with defining an open system, the observation that it changes has important ramifications for interpreting the isotopic record of Cl in sabkha sediments.
Mechanisms of mass loss from the system
The mechanism or combination of mechanisms by which halite is lost from the surface is not known with certainty. Halite may be removed from the surface by eolian processes or by dissolution and transport to the Arabian Gulf. Because the halite on the sabkha is more bice-likeQ than the loose, fine powder common with Na sulfates or Na carbonates, it is not as mobile in an eolian setting. Two sets of eolian samplers 100 km apart did detect some mass transport in the 2 years of the study; however, data collection was poor, and the results are not definitive. The concentration ratios for Mg and K ions are different from those of Na and Cl (Fig. 7) , suggesting selective removal rather than the loss of all surface salts (Table 1) that would be expected to occur by eolian erosion.
Solute transport into the adjacent Arabian Gulf could occur either by flooding of Gulf water or by rainfall runoff. Because the halite is missing over the entire area, not just seaward of the high stand of the supratidal zone, located approximately 3 km inland, encroachment by Gulf floodwater does not appear to be a viable mechanism for surface-salt removal. The annual rainfall along the coast averages 60 mm; however, it is known that approximately 100 mm of rain occurred once in a 24-h period in the 35 years for which records exist (Bottomley, 1996) . It is concluded that the most likely scenario for removing the soluble surface crust is the intense but infrequent rainfall events that dissolve and transport salts to the Arabian Gulf.
A check on the reasonableness of this explanation for halite dissolution by intense rainfall is obtained by calculating the amount of halite that could be dissolved with a 100-mm rainfall. Consider a surface area 1 m 2 . It is known that Cl concentration in equilibrium with halite in this system, from Fig. 6 , is approximately 142,000 mg l À1 . One hundred millimeters of rain is equivalent to 100 l on the 1 m 2 control surface area. Thus, the dissolution potential is 14,200 g of Cl, or 21,900 g of halite. Halite has a density of 2.16 g cm À3 , so approximately 10,100 cm 3 of halite could be removed, or a thickness of approximately 1 cm on the 1-m 2 control area. It is known from the analysis above that approximately 30 cm of halite are missing. Thus, it would take only one 100 mm/day rainfall to occur once in every 230 years of the 7000 years the system has existed, to remove the halite. Only 35 years of rainfall data exist, but it seems probable that the 100 mm/day rainfall occurs more frequently than once in 230 years. Thus, the proposed rainfall-dissolution-transportation mechanism is not constrained by dissolution potential.
The observation that the concentration ratios of K, Mg, and Br are closer to the input values is also consistent with the rainfall-dissolution model. If the salts were removed by eolian activity, all salts would be removed in equal ratios, which is not observed. The following model is thus proposed: the more soluble minerals, such as carnallite, sylvite, and antarcticite, would be the first to dissolve, and thus selectively recharged relative to NaCl in any recharge event. The presence of only a small volume of storage in the capillary zone limits the amount of water that can be recharged in any one event because the first water in a recharge event fills the available space, and the rest is rejected. With continued rain, the pools in the polygons coalesce and flow down-gradient toward the Gulf, removing the less soluble halite. The net result is that there is a lack of mass balance among the Na, K, Mg, and Ca present in the sabkha relative to the input solutes.
Summary and conclusions
The conceptual model developed above suggests that water and solutes are transported upward by capillary force from the shallow water table in response to evaporation of water at the surface. The water is removed, thereby precipitating halite, carnallite, antarcticite, and other soluble minerals. Minerals exhibiting retrograde solubility, however, such as anhydrite, calcite, dolomite, and gypsum, are precipitated below the surface as a result of increasing temperature as the solutes move from the groundwater through the capillary zone toward the surface during the summer months. The difference in thermal gradient between the winter and summer months is consistent with the net accumulation of these minerals over time in the capillary zone. Because these minerals are rather insoluble relative to halite and other chloride and nitrate minerals, and are precipitated below the surface, they are less likely to be dissolved and transported to the Gulf by rainfall, and thus they are preserved selectively relative to the soluble salts on the surface.
The observations above are important in evaluating the solute environment responsible for the chemical sediments preserved in the geological record. That is, the system is chemically open for Cl and closed for S, and the mass of a given mineral preserved depends upon factors other than the original solute composition. Mineral development in the coastal sabkha is conceptually similar to the leaky-basin model (open system) used to understand mineral development in evaporating basins (Wood and Sanford, 1990; Sanford and Wood, 1991) and contrasts with the closed system approach of Hardie and Eugster (1970) . The preferential loss of halite, and possibly other soluble minerals, from this system is important in understanding the evolution of solute chemistry and mineral development in coastal sabkhat and has implications for evaluating coastal-sabkha facies and environments in the geological record. It is important to note that the system can be closed for one element and open for another, and likewise that water may be derived from one source and solutes from another. Because of these factors, care must be used in interpreting the solute environment of a coastal sabkhat solely on the basis of the mineralogical record.
